Objective: Quantitative magnetic resonance imaging (qMRI) may provide valuable measures of cartilage morphology in osteoarthritis (OA) but has been confined to sequences with relatively long acquisition times at 1.5 Tesla (T). Here we test the accuracy and precision of knee cartilage qMRI with a fast double echo steady state (DESS) sequence with water excitation (we) at 3T. Methods: As a pilot study for the Osteoarthritis Initiative, test-retest MR images were acquired in the knees of 19 participants with no to moderate degrees of clinical OA. Two double oblique coronal fast low angle shot (FLASHwe) sequences (1.5 mm slice thickness) were acquired at 3T, and two sagittal DESSwe sequences (0.7 mm slice thickness). Double oblique coronal multiplanar reformats (MPR) were performed (1.5 mm slice thickness) from the sagittal DESSwe. Knee joint cartilage plates were quantified unpaired in random order with blinding to subject identification. Results: In the femorotibial joint, precision errors (RMS CV% for unpaired analysis) for cartilage volume and thickness were 3.1% to 6.4% with coronal FLASHwe, 2.5% to 6.2% with coronal MPR DESSwe, and 2.3% to 8.2% with sagittal DESSwe. Correlation coefficients between DESSwe and FLASHwe ranged from r = 0.88 to 1.0. In the femoropatellar joint, precision errors (sagittal DESSwe) were 3.4% to 8.5%. Conclusions: DESSwe permits accurate and precise analysis of cartilage morphology in the femorotibial joint at 3T. Further studies are needed to address the accuracy of DESSwe in the femoropatellar joint and its ability to characterize sensitivity to longitudinal changes in cartilage morphology. Key Words: Cartilage -Magnetic Resonance Imaging -Osteoarthritis -Cartilage -Biomarker 
INTRODUCTION
Quantitative magnetic resonance imaging (qMRI) of articular cartilage provides valuable metrics of disease status and progression in osteoarthritis (OA) and shows great promise for evaluating the treatment response of disease modifying drugs [1] [2] [3] [4] . Measurement of joint space narrowingOsteoarthritis Initiative (OAI) study design and documentation (Appendix). The mean age was 51 years (range 40 to 71 years) and the mean BMI was 30. 4 ). Images were acquired on a 3T MRI scanner (Siemens Magnetom Trio, Erlangen, Germany) and a quadrature transmit-receive knee coil (USA Instruments, Aurora, OH). The study protocol, amendments, and informed consent documentation were reviewed and approved by the local institutional review boards.
The gold standard acquisition for morphological cartilage analysis was a double oblique coronal 3D FLASH sequence with water excitation (cor FLASHwe) with a slice thickness of 1.5 mm, an in-plane resolution of 0.31 mm x 0.31 mm, and an acquisition time of 8 min 30 sec. This protocol has been validated at 1.5T [4, [11] [12] [13] and recently cross-calibrated between 1.5T and 3T [4, 10] . The sagittal 3D DESSwe images (sag DESSwe - Fig. 1 ) were prescribed orthogonal to the cor FLASHwe ( Fig. 2) with a slice thickness of 0.7 mm and 0.37 mm x 0.46 mm in-plane resolution (acquisition time 10 min 23 sec - Fig. 3 ). To directly compare DESSwe with cor FLASHwe, the sag DESSwe underwent MPR to create 64 double oblique coronal images with 1.5mm slice thickness (corMPR DESSwe), oriented identical to the cor FLASHwe (Fig. 2) .
Image analysis
The 114 image series (2 x 19 cor FLASHwe, 2 x 19 sag DESSwe, and 2 x 19 corMPR DESSwe) were anonymized and the image analysis center was blinded to subject identification. Six experienced readers with formal training in cartilage segmentation segmented the images. One reader analyzed all medial tibiae (MT), one the lateral tibiae (LT), one the central medial femur (cMF) and posterior medial femur (pMF), one the central lateral femur (cLF) and posterior lateral femur (pLF), one the patellae (P) and one the femoral trochleae (TrF). In contrast to most previous studies [4] , the baseline and repeat data sets were not paired for analysis, but analyzed independently in random order, to achieve better insight into the impact of the image contrast differences on accuracy and precision. Previously published precision errors for these conditions (re-segmentation) are known to be higher than those for image analysis of paired data sets in the same session [7, 14] (Table 1) .
Segmentation involved manual tracing of the total area of the subchondral bone (tAB) and the area of the cartilaginous joint surface (AC) on a slice-by-slice basis (see Appendix). Note that denuded areas of bone (dAB, full thickness cartilage lesions), but not peripheral osteophytes were included in tAB (Fig. 4) . Osteophyte cartilage was not included in the analysis. The femoral condyles ( Fig. 3) were separated into an anterior (cMF and cLF) and posterior aspect (pMF and pLF). In the coronal images, cMF and cLF started anteriorly at the first slice with an interruption of the subchondral bone (divergence of the trochlea into the femoral condyles - Figs. 2a,d) . Posteriorly, the last slice showing the circular structure of the posterior femoral condyles (bone centrally and cartilage surrounding it) was identified ( Fig. 2c,f) , and the slice located at 60% between the anterior and posterior landmark was the most posterior one to be included in cMF and cLF (Fig. 2b,e) . The same regions were identified in the corMPR DESSwe and sag DESSwe (Figs. 2,3 and Appendix). Quality control (QC) of all segmentations was performed by a single person (F.E.) reviewing all segmented slices of each data set. Proprietary software was used to determine cartilage volume (VC), total area of the subchondral bone (tAB), cartilage volume divided by tAB (VCtAB), area of the cartilage surface (AC), part of tAB covered with cartilage (cAB), part of tAB denuded (dAB), mean cartilage thickness (ThCcAB), and mean thickness when counting all denuded areas as 0 mm cartilage thickness (ThCtAB). The resegmentation precision (reproducibility) for upaired analysis was determined by computing the root-mean-square (RMS) coefficient of variation (CV%) [15] . Precision errors between protocols were compared using a paired students t-test. Cross-calibration was performed by computing the random (%) pairwise differences, the systematic (%) pairwise differences, and the Pearson correlation coefficients. Systematic differences between techniques were tested for statistical significance using a paired t-test. Figures 2 and 4 show comparative images of cor FLASHwe and corMPR DESSwe. The FLASHwe images displayed relatively homogeneous, and mostly hyperintense signal intensity throughout the cartilage relative to surrounding tissues. With DESSwe, the cartilage signal was of intermediate intensity and was less homogeneous compared with FLASHwe, varying throughout the thickness and the joint. DESSwe displayed high and very sharp cartilagemeniscal contrast, even in the presence of meniscal abnormalities. DESSwe also displayed good contrast between pMF/pLF and the posterior capsule and little partial volume effect as a virtue of the low slice thickness. However, separation of patellar versus trochlear cartilage was relatively difficult in most subjects (Fig. 5 
RESULTS

Qualitative results
Quantitative results
Precision errors of cor FLASHwe for cartilage volume and thickness (VC, VCtAB, ThCcAB, ThCtAB) ranged from 3.0% to 6.4% (Table 2) . Those for corMPR DESSwe ranged from 2.5% to 6.2% and those for sag DESSwe from 2.3% to 8.2% (Tables 2,3 ) and were not significantly different. Precision errors for areas (tAB, AC, and cAB) ranged from 2.7% to 6.3% for cor FLASHwe, from 1.9% to 2.9% for corMPR DESSwe, and from 2.6% to 9.2% for sag DESSwe (Tables 2,3 ). Precision errors for areas in cMF and cLF were significantly smaller with corMPR DESSwe than with FLASHwe; precision errors for areas in LT were significantly larger with sag DESSwe than with FLASHwe (Tables 2,3 ). The intersubject variability for quantitative cartilage parameters was substantially larger than the precision errors (Table 3) .
Correlation coefficients (r) for quantitative cartilage parameters obtained with corMPR DESSwe and cor FLASHwe ranged from 0.88 to 1.00 (Table 4 ). Systematic differences varied between cartilage plates (underestimation of cartilage thickness with corMPR DESSwe in MT and cLF, and overestimation in LT and cMF). Pairwise random differences ranged from 1.9 ± 1.8% to 9.0 ± 3.0%. Correlation coefficients between sag DESSwe and cor FLASHwe (Table 5) ranged from 0.88 to 0.99. Cartilage thickness was slightly underestimated with sag DESSwe in MT and LT, but not in cMF and cLF. Pairwise random differences ranged from 3.2 ± 2.3% to 10.9 ± 21%.
Nine pairs of cartilage plates were identified with part of tAB not fully covered with cartilage (3 x MT, 3 x cMF, 2 x LT, and 1 x cLF) using cor FLASHwe. One plate (cLF) was overlooked (0% vs. 24% dAB% -cLF) in the corMPR DESSwe, and two plates were overlooked in the sag DESSwe (0% vs. 5% dAB% in MT and 0% vs. 6% in LT). The average deviation within repeated data sets was 0.25 cm 2 (dAB) for cor FLASHwe, 0.30 cm 2 for corMPR DESSwe, 
DISCUSSION
We tested the hypothesis that sagittal DESSwe at 3T may overcome some of the current limitations of quantitative analysis of cartilage morphology by permitting one to obtain accurate and highly reproducible quantification of cartilage morphology in all knee cartilage plates from one single (sagittal) data set at reasonable acquisition times. In the femorotibial joint (tibia and central femoral condyles), we found that measures of cartilage morphology derived from DESSwe are consistent with those from FLASHwe, and that precision errors for unpaired analysis are similar between both protocols. Precision errors in the posterior femoral condyles (sagittal DESSwe) tended to be similar or lower than in the central femoral condyles and were substantially less than the intersubject variability, indicating that sagittal DESSwe can be used to reliably determine cartilage morphology in the posterior aspects of the femur. In the patella and trochlea, in contrast, precision errors of sagittal DESSwe were considerably higher than previously reported for unpaired analysis of 1.5mm sagittal acquisitions with FLASHwe at 1.5 T [7, 14] . The difference should, however, be interpreted with care, as the results do not originate from the same study.
In contrast to most previous studies, repeat data sets were not segmented as pairs within the same analysis session, but in random order with blinding to subject identification. Two previous studies have reported considerably higher errors for unpaired (re-segmentation) conditions (different sessions) than for paired analysis under short term conditions (same analysis session) for sagittal and axial FLASHwe sequences, respectively [7, 14] . The precision errors reported here are likely to overestimate the precision error relevant to a longitudinal study, in which baseline and follow-up data sets are read in parallel. A previous study with cor FLASHwe at 3T (1.5 mm slice thickness) in which repeat data sets were processed in pairs [4, 10] , reported RMS CV% values of ≤ 2.5% for cartilage volume and thickness in MT and LT, of ≤ 3% in cMF and cLF, and values of 1.1% to 1.4% for areas [4, 10] . In the current study with unpaired analysis, the precision errors for volume and thickness were ≤ 4% in MT, ≤ 6% in LT and cLF, and ≤ 7% in cMF, and those for areas ≤ 6.3%. These results emphasize the higher reproducibility of quantitative cartilage measures in paired data analyses, because segmentation regions (i.e. number of slices) can be kept more consistent.
Precision errors for corMPR DESSwe were similar to cor FLASHwe inspite of the lower in-plane resolution of corMPR DESSwe. One exception was the smaller errors in surface area measurements in cMF and cLF by corMPR DESSwe. One explanation is that with an MPR, the double oblique orientation could be made more consistently, whereas the cor FLASHwe orientation could not be optimized post hoc. In fact, the average deviation in slice number (within pairs) was only 0.1 for corMPR DESSwe, but 0.6 for cor FLASHwe. The precision errors for sag DESSwe were similar to the cor FLASHwe, except for the surface areas in LT. The larger errors were in part due to larger differences in slice numbers analyzed in sag DESSwe pairs (2.3) compared with corMPR DESSwe (0.9) and cor FLASHwe (0.6).
Precision errors in the femoropatellar joint (sag DESSwe) were relatively large (3.7% to 7.7% for volume and thickness, and 3.4% to 8.5% for areas) compared to previous studies [4] with sagittal and axial FLASHwe at 1.5T and 1.5 mm slice thickness. These results correspond with the subjective difficulty of separating P and TrF in the sag DESSwe due to low cartilagecartilage contrast in the contact zone. Since the thinner slice thickness (0.7 mm) and higher field strength (3T) should have advantages over acquisitions at 1.5 mm thickness and 1.5T [7, 14] , our findings indicate that sagittal DESSwe may be less suitable than FLASHwe for analyzing femoropatellar cartilage. A face-to-face comparison between axial FLASHwe, sag FLASHwe, sag DESSwe and axial DESSwe should be undertaken to clarify this issue.
In terms of cross-calibrating corMPR DESSwe to cor FLASHwe at 3T, correlations were high (> 0.95), except for VCtAB and ThCtAB at cLF (0.91 and 0.88). The same applied for sag DESSwe (> 0.90), except for VC and ThCtAB of cLF (0.89 and 0.88), despite the differences in section orientation and spatial resolution. Unfortunately, measurements in the femoropatellar joint could not be validated, since no sagittal or axial FLASHwe images were available for this purpose as part of this pilot study.
This study poses several other limitations: only a limited number of participants (n = 19) were evaluated and only two repeat scans were acquired for each protocol. The aggregate MRI exam time of almost 2 hours precluded increasing the number of repeat scans. Previous studies have shown that, when a FLASHwe sequence is used, changes of cartilage morphology can be measured with changes in mechanical loading conditions [16, 17] and in OA [18] [19] [20] over relatively short time periods. The sensitivity of DESSwe to longitudinal changes in cartilage morphology remains to be tested. Since the OAI will obtain image data from 5000 subjects at yearly intervals over a period of 5 years, a basis for such a study is under way.
When discussing the potential advantages and limitations of DESSwe, the following points are worth noticing: (a) DESSwe provides more heterogeneous signal characteristics of the cartilage, the joint space and other periarticular tissues, which may be of high interest in context of clinically evaluating or scoring OA. The high cartilage-to-fluid contrast may be of particular advantage in detecting focal cartilage lesions, whereas the present study focused only on integral quantitative measures of cartilage morphology, such as volume and thickness. (b) When acquiring coronal images with a FLASHwe sequence, relatively large areas of the femur (trochlea, posterior condyles) are not accessible to analysis. With sagittal DESSwe it is possible to image the entire knee with high resolution (0.7 mm slice thickness) in about 10 min. The acquisition time for the coronal FLASHwe was shorter (8 min) but that for sagittal FLASHwe at comparable resolution would be > 20 mins. (c) At 0.7 mm slice thickness, segmentation time for sagittal images is 2 fold longer than for 1.5 mm cor FLASHwe (or corMPR DESSwe). Additional segmentation time is also required for DESSwe contrast because of the more heterogeneous signal and subjectively, the experienced readers found DESSwe more challenging than FLASHwe. Some of these limitations may be overcome by more automated segmentation algorithms, but the complex signal characteristics of DESSwe may render this goal an even larger challenge than for FLASHwe. (d) DESSwe is currently available from only one MR system vendor which may limit its applicability in multicenter studies.
In conclusion, DESSwe imaging at 3T permits quantitative measures of cartilage morphology in the femorotibial joint to be obtained with a high level of accuracy and precision in subjects with and without OA. The performance (reproducibility) of sag DESSwe in the femoropatellar joint is, however, less promising. Future studies are needed to investigate the accuracy of DESSwe versus FLASHwe in the femoropatellar joint and the sensitivity of DESSwe to longitudinal change of cartilage morphology.
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APPENDIX:
Subject selection criteria Adult volunteers were recruited for this study at two clinical centers (Ohio State University and Memorial Hospital of Rhode Island). Women and men aged 40 to 79 years of all ethnic groups were eligible to participate. Enrollment criteria were identical for this pilot study and the OAI, with the one exception that the pilot study had a lower age limit of 40 years. Because it was likely that the pilot subjects would be enrolled in the OAI and therefore will undergo extensive radiography, subjects in the pilot MR study did not have radiographs performed and thus, did not have a Kellgren-Lawrence Grade assigned. Participants with knee OA had to suffer from knee pain, aching or stiffness on the majority of days within a month in the past 12 months and required the diagnosis of knee osteoarthritis made by a physician. Participants without knee OA must not have had a physician diagnosis of OA and, in addition, could only have infrequent knee pain, aching or stiffness over the prior year. Exclusion criteria included self-report of a physician diagnosis of rheumatoid or inflammatory arthritis, orthopedic hardware in the knee, pregnancy, or other contraindications of receiving a 3T MR exam. The study was performed in compliance with principles originating in or derived from the Declaration of Helsinki (Revised Edinburgh, 2000) and with IRB informed consent regulations and International Congress of Harmonization Good Clinical Practices Guidelines.
MR scanning protocol
Subjects walked to the scanner and were positioned on the patient table feet first and supine, with the lower end of the patella placed at the centre of the coil. The knee radiofrequency (RF) coil was positioned directly on the patient table, 60mm right / left off the magnet isocenter. The knee was slightly flexed, with a product coil cushion placed beneath the knee, and the heel positioned directly on the patient table. The leg was internally rotated so that the foot was in a vertical position. The foot was sandbagged to retain this position prior to placing an air cushion over the patella and locking the top of the knee coil. A strap was then placed across the top of the coil and the contralateral knee to secure the position. The MR exam started with a 3-plane localizer and a sagittal multi-slice multi-echo acquisition.
The specific pulse sequence parameters for the cor FLASHwe were: 20 ms repetition time (TR), 7.6 ms echo time (TE), 12° flip angle (FA), 80 slices, 160 mm field of view (FOV); 512 × 512 matrix (in-plane resolution 0.31 mm x 0.31 mm), 130 Hz/pixel bandwidth, 0% phase oversampling, 0% slice oversampling, 100% phase resolution, 75% slice resolution, 1 average, elliptical filter on, asymmetric echo off, right / left phase encoding, fast gradient and fast RF options. The orientation of the images was similar to recommendations by Glaser et al. [21] , with the posterior ends of the medial and lateral femoral condyle being ideally located in the same (coronal) slice and being not more than 2 slices apart (Fig. 2) . In contrast to the study by Glaser et al. [21] , however, slices were orientated parallel to the femoral shaft, and not perpendicular to the tibial plateau. The pulse sequence parameters for the sag DESSwe were 16.3ms TR, 4.7ms TE, 25° FA, 160 slices, 140 mm FOV; 384 × 307 matrix; in-plane resolution 0.37 mm x 0.46 mm (interpolated to an isotropic in-plane resolution of 0.37 mm x 0.37 mm), 185 Hz/pixel bandwidth, 0% phase oversampling, 10% slice oversampling, 80% phase resolution, 100% slice resolution, 1 average, elliptical filter on, asymmetric echo off, anterior/posterior phase encoding, fast gradient and fast RF options. For the corMPR DESSwe the in-plane matrix was 384 x 269 and the in-plane resolution 0.37 mm x 0.7 mm (interpolated to an isotropic in-plane resolution of 0.37 mm x 0.37 mm). All MR images were reviewed for image quality and were immediately reacquired if the scans were unacceptable (orientation, incomplete anatomical coverage, motion artifact, etc.). The entire MR exam required approximately 40 min after which the subject was removed from the magnet and allowed to walk for about 10 minutes. Following this break, the subject was repositioned in the magnet and coil as described above and the same MR exam was repeated. The subjects spent a total of approximately 2 hours in the MR suite. The cor FLASHwe acquisition parameters were based on ongoing cross-correlation studies [4, 7] . However, the sag DESSwe acquisition parameters and the corMPR DESSwe reformat parameters were selected subjectively based on a series of cartilage contrast optimization experiments followed by assessment by a panel of cartilage image segmentation and cartilage imaging experts.
Imaging characteristics of the Double Echo Steady State (DESS) water excitation sequence:
Orthopedic imaging in general, and quantification of cartilage thickness in particular, requires both a high spatial resolution and high tissue contrast. The DESSwe sequence with greater T2-weighting than FLASHwe has the potential to fulfill both these requirements [22, 23] . With DESS, the two steady state free precession signals (FISP, T1/T2*-weighted; and PSIF, strongly T2-weighted) are acquired at the same time (Fig. 1) . Both signals are added into one image, allowing one to differentiate bone, cartilage, synovial fluid and other periarticular tissues. To suppress the bright fat signal from the bone marrow, water excitation is used by applying a spatial and frequency selective 1-2-1 binominal RF-excitation pulse. Compared to balanced SSFP sequences, the DESS scheme is inert to magnetic field inhomogeneities. The DESS sequence has stronger T2-weighting than either a FISP or FLASH sequence.
Image analysis / Selection of regions of interest
The study was designed to compare qMRI results from DESSwe with previously validated FLASHwe imaging in terms of consistency (cross-calibration) and precision (reproducibility). FLASHwe was acquired in a coronal section orientation, as validated previously at 3T [4, 10] and thus the following cartilage plates were amenable to analysis for cross-calibration purposes: the medial tibia (MT), the lateral tibia (LT), the central medial femur (cMF), and the central lateral femur (cLF). In contrast, the patella (P), femoral trochlea (TrF), posterior medial femur (pMF), and posterior lateral femur (pLF) were only covered with the sag DESSwe. The latter four cartilage plates were thus only evaluated in terms of precision error, but not in terms of crosscalibration.
MT, LT, P and TrF were segmented throughout all slices that displayed cartilage, except for those with substantial partial volume averaging at the margins of the cartilage plate. The 60% criterion used to differentiate cMF versus pMF and cLF versus pLF, respectively (see text) was selected based on previous work that indicated that in the anterior 60% of the slices partial volume averaging at the femoral condyles was small enough in coronal images to support segmentation, whereas more posteriorly partial volume contributions became too large for clear identification of tAB and AC (unpublished data). Note that the definition used for cMF and cLF differs from that previously described by Glaser et al. [21] , in which the intercondylar bridge was chosen as posterior landmark. The current definition was selected because it is less dependent on the flexion angle of the knee, because cMF and cLF are larger (including more slices posteriorly), and because there is less variability in the number of slices segmented amongst subjects.
In the sag DESSwe images, the anterior border of cMF and cLF was defined as projections of the trochlear notch throughout the data set (Fig. 3a) , the trochlear notch being identified in the intercondylar area - Fig. 3b ). The posterior border was defined along a plane parallel to the femoral shaft, at 60% between the trochlear notch (anteriorly) and a plane also parallel to the shaft, touching the most posterior bone tips of the medial and lateral femoral condyles, respectively (Fig. 3c) . Note that the projection of the trochlear notch line and 60% line throughout the dataset were corrected with a vector of the above plane in x-direction throughout the images. Whereas cMF and cLF were defined as femoral cartilage between the two lines, TrF was defined as cartilage anterior to the trochlear notch line, and pMF and pLF as all femoral cartilage posterior to the 60% line (Fig. 2) . The QC procedure of image segmentation involved the interactive entry of QC comments (text or drawings) using a designated module of the software, with the reader who had performed the segmentations having to adjust the segmentation accordingly. This process was repeated until all segmentations were rated satisfactory. When quantitatively determining measures of cartilage morphology from the segmented structures, numerical integration of segmented voxels was used to derive the volume of the cartilage (VC), triangulation to derive measures of area (tAB, AC, cAB, dAB) [24] and distance transformation to derive measures of cartilage thickness [25] 
